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INTRODUCTICN

In the past five years or 8o progress in both elementary particle
physica and 1in c¢osmology has become Increasingly dependent upon the
interplay between the two disciplines. On the particle physics side, the
SU(3Jc x SU(2), x U(1)y model seems to very accurately describe the
interactions of quarks and leptons at energies below, say, 10? GeV, At
the very least, the so-called standard model is a satisfactory,
effective low energy theory. The frontiers of particle physics now
involve energies of much greater than 10°® GeV~~energies which are not
now available In terrestrial accelerators, nor are ever 1likely to be
available in terrestrial accelerators. For this reason particle
physicists have turned both to the early Universe with 1its essentially
unlimited energy budget {(up to 10'? GeV) and high particle fluxes (up to
10*°7 cm 2 837 '), and to various unique, contemporary astrophysical
environments (centers of main sequence stars where temperatures reach
10®* K, neutron stars where densities reach 10'*-10'® g c¢m ?, our galaxy
whose magnetic field can impart 10'! GeV to a Dirac magnetic charge,

ete.) as non-traditional laboratories for studying physics at very high
energies and very short distances.

On the cosmologlcal side, the hot big bang model, the 3o called
standard model of cosmology, seems to provide an accurate accounting of
the history of the Universe from about 10 2 s after 'the bang' when the
temperature was about 10 MeV, until today, some 10-20 billion years
after 'the bang' and temperature of about 3 K (= 3 x 10 '* GeV).
Extending our understanding further back, to earlier times and higher
temperatures, requires knowledge about the fundamental particles
{presumably quarks and leptona) and their interactions at very high
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snergies. For this reason, progress in cosmology has beccme linked to
progress in elementary particle pnysics.

In these U4 lectures I will try to illustrate the two-way nature of
the interplay between these fields by focusing on a few selected topics.
In Lecture 1 I will review the standard cosmology, egpecially
concentrating on primordial nucleosynthesis, and discuss how the
standard cosmology nas been used to place constraints on the properties
of wvarious particles. Grand Unification makes two striking predictions:
{1) B non-conservation; (2) the existence of stable, superheavy magnetic
monopoles. 8o0th have had great cosmological impact. In Lecture 2 I will
discuss paryogenesis, the very attractive scenario in which the 8, C, CP
violating 1interactions in GUTs prcovide a dynamical explanation for the
predominance of matter over antimatter, and the present baryon-to-photon
ratic. 3aryogenesis is so coamologically attractive, that in the absence
of cbserved proton decay it has been called 'the best evidence for some

kind of unification.’ Monopoles are a cosmological disaster, and an
astrophysicist's delight. In Lecture 3 I will discuss monopoles,
ceosmelogy, and astrophysiecs. Te date, the most important 'cosmological

payoff' of the Inner Space/Outer Space connection is the inflationary
Universe scenarioc., In the final lecture I will discuss how a very early

(t < 10 ' sec), first-order phase transition associated with
spontaneous symmetry breaking (S38) has the potential to explain a
handful of very fundamental cosmological facts—--which can be

accommodated by the standard cosmology, but are not elucidated by it. By
selecting just a few topics I have left out some other. very I1lmportant
and exciting ones--e.g., galaxy formation and the role of exotic debris
from the early Universe (massive neutrinos, axions, other-inos, atrings

to mention a few types of interesting debris),
supersymmetry/supergravity/Kaluza~Klein models and cosmology, and
axions, astrophysics, and cosmclogy. I refer the interested reader to

references 1-3.

LECTURE 1 =~ THE STANDARD COSMOLOGY

The hot big bang model nicely accounts for the universal (Hubble)
expansicn, the 2.7 K cosmic microwave background radiation, and through
primordial nucleosynthesis, the abundances of D, “"He and perhaps also
'He and ’Li. Light received from the most distant objects observed (QSOs
at redshifts = 3.,5) left these objects when the Universe was conly a [few
nillien years old, and so observations of QS0s allow us to directly
oprobe the history of the Universe to within a few billion years of 'the
bang'. The surface of last scattering for the microwave background is
the Universe about 100,000 yrs after the bang when the temperature was
about 1/3 eV. The microwave background 1s a fossail record of the
Universe at that very early epoch. In the standard cosmology an epoch of
nuclecsynthesis takes place from t = 1072 3 - 102 3 when the temperature
was = 10 MeV - 0.1 MeV. The light =elements synthesized, primarily D,
‘He, “He, and ’Li, are relics from this early epoch, and comparing their
predicted big bang abundances with their inferred primordial abundances
is the most stringent test of the standard cosmology we have at present.
[(Note that I must say inferred primordial abundance because contemporary



astrophysical processes can affect the abundance of these light
isotopes, e.g., stars very efficiently burn D, and produce “He.] At
present the standard cosmology passes this test with flying colors (as
we shall see shortly).

On the large _scale (>> 100 Mpe), the Universe 1is i{sotropic and
homogenous, and 30 it can agcurately be described by the
Robertson-Walker line element

ds?=-dt?+R(t)*[dr2/(1~kr?)+r? do?+r? sin® 8de?], (1.1)
where ds? is the proper separation between two spacetime events, k = 1,
0, or ~1 is the curvature signature, and R{(t} is the c¢osmic scale
factor. The expansion of the Universe 1s embodied in R(t)--as R(t)
inereasea all proper (i.e., measured by meter sticks) distances scale
with R(t), e.g., the distance between two galaxies comoving with the
expansion {(i.e., fixed r, 8, $), or the wavelength of a

freely-propagating photon (A = R{(t)). The k > O spacetime has positive
spatial curvature and is finite 1in extent; the k < 0 spacetime has
negative spatial curvature and i{s infinite in -extent; the k = 0
spacetime is spatially flat and is alsec infinite in extent.

The evolution of the cosmic scale factor 1is determined by the
Friedmann equations:

H* = (R/R)}? = 8nGp/3 - Kk/R?Z, ‘ (1.2)
d(gR*) = ~-p d(R?), (1.3)

where p i3 the total energy density and p is the pressure. The expansion
rate H (also called the Hubble parameter) 3ets the characteristic time
for the growth of R(t); H ' = e-folding time for R. The present value of
H is 700 h kms ' Mpe ! = h (10'° yr)"!; the observational data strongly
suggest that ' > h » 1/2 (ref. U4). As it is apparent from Eqn. 1.2 model
Universes with Kk < 0 expand forever, while a model Universe with k > 0
must eventually recollapse. The sign of k {(and hence the geometry of
Spacetime) can be determined from measurements of p and H:

k/HeRS = p/(3H2/87G) - 1, (1.4)

=a -,
where @ = p/p .. and p,.y = 3H2/8nG = 1.88 ne x 10°2° gem 3. The
cosmic surveyiﬁg require toe directly determine p is far beyond our
capabilities (i.e., weigh a cube of cosmic material 10%* cm on a side!).
However, based upon the amount of luminous matter (i.e., baryons in
stars) we can set a lower limit to Q: @ > @ = 0,01. The best wupper

limit to R follows by considering the age o}u%he Universe:
tu“ 10l° Yr' h_l f(Q)p (1-5)
where f(2) < 1 and is monotonically decreasing (e.g., f£(0) = 1 and f(1)

= 2/3). The ages of the oldest stars (in globular <clusters) strongly
suggest that t, > 10'® yr; combining this with Eqn. 1.5 implies that:



2€*(Q@) > gn?*. The function Qf?* is monotonically increasing and
asymptotically approaches {(n/2)?, implying that independent of h, ah? (
>.5. Restricting n to the interval (1/2, 1) it follows that: Gh?* < 0.8
and @ < 3.2,

The energy density contributed by nonrelativistic matter varies as
A(t) '--due to the fact that the number density of particles is diluted
by the increase in the proper (or physical) volume cf the Universe as 1t
expands. For relativistic particles the energy density varies as R(t) *,
the extra factor of R due to the redshifting of the particle's momentum
(recall A <« HR(t))., The energy density contributed by a relativistic
species (T >> m) at temperature T is

p = SefrﬂzT”/SO, (1.6)
wnere g is the number of degrees of freedom for a Dbosonic 3species,
and 7/8'that number for a fermionic species. Note that T « R(t) '. Here
and throughout I have taken M = ¢ = X5, = 1, 30 _that _1 GeV = _(1.97 «x
107 em) P = (1.16 x 10'? K) = (B.57 x 107%% s)7}, G = m l"z (m_, =
.22 x 10'% GeV), and 1 GeV* = 2.32 x 10'7 g cm™*. By the wayb™ 1 1Pant
year = 10'® ecm; 1 pec = 3 light year; and 1 Mpc = 3 x 10?" cm = 1.6 x

1028 Gev !,

Today, the energy density <contributed by relativistid particles
{(photons and 3 neutrino speciesl iz negligible: Qrel =4 x 10" % n 2
(T/2.7 K)*. However, since p « R *, while p 1. = R 3, early on
relativistic species dominaggé the energy deng?%§? For R/R{tocday) < U4 x
107% (gh?*)~! (T/2.7 K)*, which corresponds to t < 4 x 10'° s (an2)"?
(T/2.7 K)® and T > 6 eV (Rh%2)(2.7 K/T)*, the energy density of the
Universe was dominated by relativistic particles. Since the curvature
term varies as R(t) %, it too was small compared to the energy density
contributed by relativistic particles early on, and SO Egn. 1.2
simplifies to:

/2

H = (R/R) = (4r? g,/45) 7 T2/m (1.7)

pl:

1.66 g, /" T?/nm
. * pl!

(valid for t < 10!° s, T > 10 eV).

Here g, counts the total number of effective degrees of freedom of all
the relativistic particles (i.e., those species with mass << T

By = z gi(Ti/T)“ + 7/8 L gi(TifT)“ , (1.8)
Bose Fermi
where T, {3 the temperature of species i, and T is the photon

temperaéurg. For example: g,(3 K) = 3.36 iY’ 3 vv ) Eg(few MeV) = 10.75
(Y, e3, 3 Sv); g,(few 100 GeV) = 110 (Y, w* Z°, 8 gluons, 3 families of
quarks and leptons, and 1 Higgs doublet).

If thermal equilibrium is maintained, then the second Friedmann
equation, Egn. 1.3 =~ conservation of energy, implies that the entropy
per comoving volume (a volume with fixed r, &, ¢ coordinates) S = gR?
remains constant., Here s is the entropy density, which is dominated by
the contribution from relativistic particles, and is given by:



S = (p + p)/T = 21% g, T3/45, {(1.9)

The entropy density s itself is proportional to the number density of
relativistic particles. So long as the expansion is adiabatic (i.e., in
the absence of entropy production) S (and s) will prove to be useful
fiducials. For example, at low energies (E << 10%*“ GeV) baryon number is
effectively conserved, and so the net baryon number per comoving volume
Ng « ng{=z n,=ng) R? remains constant, implying that the ratio ng/s is a
constant oP tge expansion. Today s = TnY, 50 that ng/s = n/7, where n
nb/“Y is the baryon-to-photon ratio, which as we shall soon see, is
known from primordial nucleosynthesis to be in the range: 4 x 10 1° < n
€7 x 10 '°. The fraction of the critical density contributed by baryons
(Qb) is related to n by:

9y = 3.53 x 10 * (n/1072°)nh"2(T/2.7 K)*. {(1.10)

Whenever g, = constant, the constancy of the entropy 'per comoving
volume implies that T « R™'; tcgether with Eqn. 1.7 this gives

= /
R(t) R(to)(t/to)l 2, (1.11)

t 0.3 8*_1/2 mpl/Tzr

2.4 x 107 s g, "'/ (1/Gev)"?, . (1.12)

valid for t < 10!'° g and T 2 10 eV.

Finally, let me mention one more Important feature of the standard
cosmology, the existence of particle horizons. The distance that a light
signal could have propagated since the tang 1is finite, and easy to
compute. Photons travel ocn paths characterized by ds? = {3 for
simplicity (and without loss of generality) consider a trajectory with
d8 = d¢ = 0. The coordinate distance covered by this photon since 'the
bang' is just [ dt'/R(t'), corresponding to a physical distance
(measured at time t) of

dpce) = R(t) JE aer/r(e) (1.13)
= t/(1 - n) (for R « tB, n ¢ 1],
If R = t" (n < 1), then the horizon distance is finite and = t = K71,

Note that even if 4, (t) diverges (e.g., if R « t™, n > 1), the Hubble
radius H ! still sets ghe scale for the 'physies horizon'. Since all
physical lengths scale with R(t), they e-fold in a time of O(H™!). Thus
a coherent microphysical process can only operate over a time interval S
O(H™'), implying that a causally-coherent microphysical process can only
operate over distances < o(H ').

During the radiation-dominated epoch n = 1/2 and d = 2t the
baryon number and entropy within the  horizon at timg t are easily
computed:

SHOR = (4411'/3)t’ 3,



= 0.05 g, !/? (m /1) % (1.14)

Ng-or = (ng/s) X Syggr.

:10"12 3,
(mpl/T) : (1.15a)
= 902 M@(T/MeV)_si (1.15Db)
where I have assumed that n_/s has remained constant and has the value =
10 '®. A solar mass (M@) of baryons is = 1.2 x 10°%7 baryons (or 2 x 10%?
g).

Although our verifiable knowledge of the early history of the
UYniverse only takes us back to t = 10°% 5 and T = 10 MeV (the epoch cof
primerdial nucleosynthesis), nocthing in our present understanding of the
laws of physics suggests that it is unreasonable to extrapolate back to
times as early as = 10°%? 3 and temperatures as high as = 101° CeV, At
high energies the interactions of quarks and leptons are asymptotically
free (and/or weak) justifying the dilute gas approximation made in Egn.

1.6, At energies btelow 10'7 GeV quantum corrections to General
Relativity are expected to be small, I hardly need to remind the reader
that ‘'reasonable' does not necessarily mean ‘'correct'. Making this

extrapolation, I have summarized 'The Complete History of the Universe'
in Fig. LAV N {For more complete reviews of the standard cosmolcgy I
refer the interested reader to refs. 5 and 6.]

Primordial Nucleosynthesis

At present the most stringent test of the standard cosmology 13 big
bang nucleosynthesais, Here I will briefly review primordlal
nucleosynthesis, discuss the concordance of the predictiona with the
observations, and mention one example of how primordial nuclecsynthesis
has been used as a probe of particle physics--counting the number of
light neutrino species.

The two fundamental assumptions which underlie big bang
nucleosynthesis are: the validity of General Relativity and that the
Universe was once hotter than a few MeV. An additional assumption

{which, however, is not necessary) is that the lepton
numbder,n, /n -(ne_-ne+)/n + (n,-n3)/ny = n +f{n.~n~)/n.,, like the baryon
number %=n is 'small. Having swaIlou these assumptions, the rest

follows like 1-2-3.

Frame 1: t = 10" % sec, T = 10 MeV. The energy_  density of the
Universe is dominated by relativistic apecies: Y, e e, v,v, (L = e, u,
T,...)3 8% = 10.75 (assuming 3 neutrjino species). Thermal equilibrium_is
malntained by weak interactions (e + e +«>* Vi o+ vy a + Q «+ p + ve,
e + p c* 10+ v,) as well as electromagnetic lnteracéions (e + & ++ 7Y
+ Y, Y + p ®es Y + p, ete. ) , both of which are occurring rapidly
compared to the expansion rate H = R/R. Thermal equilibrium implies that
T = and that n/p = exp{(-Am/T); here n/p is the neutron to proton
rdtio ang Am = my - No nucleosynthesis is occurring yet because_ of
the <tiny equilxbrluﬁ abundance of D: np/ny = n exp(2.2 MeV/T) = 107'°%,

where nb’ np., and n, are the baryon, deuterium, and photon number
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Fig. 1.1 'The Complete History of the Universe'. Highlights

include: decoupling (t = 10'* s, T = 1/3 eV) - the
surface of last a3cattering for the cosmic wmicrowave
background, epoch after which matter and radiation cease
to interact and matter 'recombines' into neutral atoms
(D, *He, *“He, 7'Li); alsc marks the beginning of the
formation of structure; primordial nucleosynthesis (t =
102 a3, T =10 MeV) - epoch during which all of the free
neutrons and some of the free protons are 3ynthesized
into D, %He, "He, and ‘L1, and the surface of last
scattering tor the cosmic _neutrino backgrounds;
quark/hadron transition (t =10 % s, T = few 100 MeV) -
epoch of 'quark enslavement' [confinement transition in
SU(3)1; W-3-G epoch associated with electroweak breakling,
Su(2) x U(1) » U(1); Gur epoch (?? t =10 ** s, T= 10

Gev??) - SSB of the GUT, during whlch the baryon
asymmetry of the Universe evolves, monopoles are
produced, and *inflation’ may ogceur; the

Quantum Gravity Wall (t =10 ** 3, T=10'? GeV).




densities, and 2.2 MeV is the binding energy of the deuteron. This is
the so-called deuterium bottleneck.

Frame 2: t = 1 see, T = 1 MeV, At about this temperature the weak
interaction rates become slower than the expansion rate and thus weak
interactions effeetively cease occurring. The neutrinos decouple and

thereafter expand adiabatically (T « R '). This epoch is the surface of
_ast scattering for the neutrinos:vdetection of the cosmic neutrinc seas
would allow us to directly view the Universe as it was 1 sec after 'the
bang'. From this time forward the neutron *to protan ratio no longer
'tracks' its equilibrium value, but instead 'freezes out' a value = 1/6,
very slowly decreasing, due to occasional free neutron decays. A little
bit later (T = m /3) the e pairs annihilate and transfer their entropy
ro the photons, heatlng the photons rﬁlatlve to the neutrinos, 30 that
from this point on T = (4/11)" . The 'deuterium bottleneck'
continues to operate, preventing nucleosynthesis.

Frame 3: t = 200 sec, T = 0.1 MeV. At about this —temperature the
'deuterium bottleneck’' breaks = n exp(2.2 MeV/T) = 1], and
nucleosynthesis begins in earnest Essentlally all the neutrons present
(n/p = 1/7) are quickly incorporated first into D, and then Into “He
nuclei, Trace amcunts of D and *He remain unburned substantial
nucleosynthesis beyond “He is prevented by the lack of stable isotopes
with A = 5 and 8, and by coulomb barriers. A small amount of TLi is
synthesized by “He(t, Y)'Li (for n < 3 x 10 '°) and by “He('He, Y)’Be
followed by the eventual g-decay of 7Be to “Li (for n 2 3 x 10 '°).

The nucleosynthetic yields depend upon n,'Nv (which I will wuse to
parameterize the number of light (< 1 MeV) species present, other than ¥
and e¥), and in principle all the nuclear reaction rates which go into
the reaction network. In practice, most of the rates are known to
sufficient precision that the yields only depend upon a few rates. “He
production depends only wupon n, N, and tv,,,, the neutron half-life,
which determines the rates for all the weak processes which interconvert
neutrons and protons. The mass fraction Y of *He produced increases
monotonically with inecreasing values of n, Nv’ and 1v,,, - a faect which
is simple to understand. Larger n means that the "deuterium bottleneck'
breaks earlier, when the value of n/p s larger. More 1light specles
(i.e., larger wvalue of N )} 1increases the expansion rate (since H «
(Gp)T’?), while a larger value of 1, means slower weak interaction
rates (« Ty, ‘) =~ both effects cause the weak interactions to freeze out
earlier, when n/p ia larger. The yield of “He is determined by the n/p
ratie when nucleosynthesis commences, = 2(n/p)/{1 + n/p), so0 that a
higher n/p ratio means more “He is syntheglze At present the value of
the neutron half-life is only known to an accuracy of about 2%: 1,,, =
10.6 min £+ 0.2 min. Since v and v are known (from laboratory
measurements) to be light, g & 2. Based upon the luminous matter Iin
galaxies, n is known to be > 0.3 x 10 '®°. If all the mass in binary
galaxies and small groups of galaxies (as inferred by dynamical
measurements) is baryonic¢, then n must be > 2 x 10 'O,

To an accuracy of about 103, the yields of D and 'He only depend
upen n, and decrease rapidly with inereasing n. Larger n corresponds to
a higher nucleon density and earlier nuclecsynthesis, which in turn
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Fig. 1.2 The predicted primordial abundances of D, 'He, “He, and

Li. ([Note 1t,,; = 10.6 min was used; error bar shows
At,,, = + 0.2 min; Y = mass of “He; N = equivalent
number of light n8utrino specles.] Inggrred primordial
abundances: Y = 0.23-0.25; (D/H)> 1 x 10 *; (D + “He)/H ¢
10 *; 7Li/H = (1.1 £ 0.4) x 10 '?, Concordance requires:
n=® (4=7) x 1071° and N, < y.
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Fig. 1.3 The predicted primordial abundance of “He. Note that Y
increases with increasing values of <t,,:, n, and N ¢
Hence lower bounds to n and t,,, and an upper bound to
imply an upper bound to Nv. Taking v, ,, 2 10.4 min, n 2 B
x 10 1? (based on D + °’He production), and Y < 0.25, [t
follows that Nv must be < U, P
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results in less D and *He remaining unprocessed. Because of large
uncertainties in the rates of some reacticns which c¢reate and destroy
77

Li, the predicted primordial abundance of 7LI is only ac¢curate to
within about a faector of 2.

In 1946 Gamow’ suggested the idea of primordial nucleosynthesis. In
1953, Alpner, Follin, and Herman® all but wrote a ccde to determine the
primordial production of *He. Peebles?® {(in 1966} and Wagoner, Fowler,
and Hoyle'? (in 1967) wrote codes to <calculate the primordial
ibundances. Yahil and Beaudet!! {(in 19786) independently developed a
nucleosynthesis code and also extensively explored the effect of large
lepton number (ﬂv - n; * 0(ny)) on primordial nucleosynthesis., Wagoner's
1973 codel? has become the 'standard code' for the standard model. In
1981 the reaction rates were updated by Olive et al.'?, the only
significant change which resulted was an increase in the predicted 7Li
abundance by a factor of 0{3). In 7982 Dicus et al.'" corrected the weak
rates .n Wagoner's 1973 code for finite temperature effects and
radiative/coulomb correcticns, which led to a systematic decrease in Y
cf about 0.003. Figs. 1.2, 1.3 snow the predicted abundances of D, 3He?
“Ye, and 'Li, as calculated by the most up to date versicon of Wagoner's
1973 code.'® The numerical accuracy of the predicted abundances is about
1%. Now let me discuss how the predicted abundances compare with the
observational data. [(This discussion is a summary of the collaborative
work in ref. 15,]

The abundance of D has been determined in solar system studies and
in UV absorption studies of the local interstellar medium (ISM). The
solar system determinations are based upon measuring the abundances of
deuterated molecules in the atmosphere of Jupiter and inferring the
pre-solar (i.e., at the time of the formation of the solar system) D/H
ratio from meteoritic and solar data on the abundance of *'He. These
determinations are consistent with a pre-solar value of (D/H) = (2 +
1/2) x 10 °. An average ISM value for (D/H) = 2 x 10~ % has been derived
from UV absorption studies of the local ISM (< few 100 pe), with
individual measurements spanning the range (1 - 4) x 10 *., Note that

These measurements are consistent Wwith the solar system determinations
of D/H.

The deuteron being very weakly-bound is easily destroyed and hard
to preduce, and to date, it has been difficult to find an astrophysical
site where D can be produced in its observed abundance.'® Thus, it is
generally accepted that the presently—-obaerved deuterium abundance
provides a lower bound to the primordial abundance. Using (D/H)_ > t «x
10°° it fOITows that n must be less than about 10 ° in ordeR for the
predictions of primordial nucleosynthesis to be concordant with the
observed abundance of D. [Note: because of the rapid variation of (D/H)
with n, this upper bound to n i3 rather insensitive to the precise lowe
bound to (D/H)_ used.] Using Eqn. 1.10 to relate n to @y, this implies
an upper bound t9 Q.: g, ¢ 0.035h *(T/2.7K)? < 0.19 -- “baryons alone
cannot close the Uiiverse. One would like to also exploit the sensitive
dependence of (D/H} upon n to derive a lower bound to =n for
concordance; this i not possible ©because D is so easily destroyed.

dowever, as we snall soon see, this end can be accomplished 1Instead by
using both D and ?He.
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The abundance of *He has bDeen measured in solar system studies and
by observations of the Sye® hyperfine line in galactic HIL regions {the
analog of the 21 cm line of H). The abundance of ?He in the solar wind
nas been determined by analyzing gas-rich meteorites, lunar soll, and
the foil placed upon the surface of the moon by the Apollo astronauts.
Since D is burned to *He during the sun's approach to the main segquence,
these measurements-represent the pre-solar sum of D and *He. These
seterminations of D + ?*He are all consistent with a pre-solar [(D +
JHe)/H] = (4.0 + 0.3) x 10 %. Earlier measurements of the e’ nyperfine
line in galactic HII regions and very recent measurementis lead to
derived present abundances of ?‘He: *He/H = (3-20) x 10°%. The fact that
these values are nigher than the pre-sclar abundance 1Is consistent with
the idea that the abundance of *He should increase with time due to the
stellar production of *He by low mass stars.

14e is much more difficult to destroy than D. It is very hard to
efficiently dispose of 'He without also producing heavy elements or
large amounts of “He (environments hot enough to burn *He are usually
hot enough to burn protons to “He). In ref. 15 we have argued that in
the absence of a Pop III1 generation of very exotic stars which process
esaentially all the material in the Universe and in so dcing destroy

most of the 'He without cverprcducing “He or heavy elements, ‘He can
have been astrated (i.e. reduced by stellar burning) by a factor of no
more than f_ = 2, [The youngest stars, e.g. our sun, are called Pop I;

the oldest observed stars are called Pop II. Pop III refers to a yet to
be discovered, hypothetical first generation of stara.] Using this
argument and the inequality

[(D+’He)/H]p < pre-solar(D/H)+f_ pre-solar(’He/H) (1.16)

hY (1—fa)pre—solar(D/H)+fapre—solar(D+’He)/H;

the presolar abundances of D and D + *He can be used to derive an upper
bound to the primordial abundance of D + *He: [(D + *He)/H]l ¢ 8 x 10 °.
[For a very conservative astration factor, f = 4, the upper limit
becomes 13 x 10 %.] Using 8 x 10 % as an upper bound on the primordial D
+ ?He production implies that for concordance, n must be greater than 4
x 10°!'° (for the upper bound of 13 x 10 °*, n must be greater than 3 x
1071'°), To summarize, consistency Dbetween the predicted Dbig bang
abundandes of D and ‘He, and the derived abundances observed today
requires n to lie in the range = (4 - 10) x 107 '°. :

Until very recently, our knowledge of the L1 abundance was limited
to observations of meteorites, the local ISM, and Pop I stars, with a
derived present abundance of ‘Li/H = 10 ? (to within a factor of 2).
Given that Li is produced by cosmic ray spallation and some stellar
processes, and is easily destroyed {(in environments where T > 2 x 10%K),
there is not the slightest reason to suspect (or even hope!) that this
value accurately reflects the primordial abundance. Recently, Spite and
Spite!” have observed ’Li{ lines in the atmospheres of 13 unevolved halo
and old disk stars with very low metal abundances (Z_./12 - z@/zso},
whose masses span the range of = (0.6 -~ 1.1)M., Stars less massive than
about 0.7 Mo are expected to astrate (by factors » 0(10)) their ’Li
abundance during their approach to the MS, while stars more massive than
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ioout 1 My sre not expected to significantly astrate 'Li in their outer
Layers, Indeed, they see this trend in ‘tneir data, and deduce a
primordial "Li abundance of: 7Li/H = (1.12 + 0.38) x 10 '°, Remarkably,
this is the predicted big bang production for n in the range (2 - 35} «x
10 1%, If we take this to be the primordial "Li abundance, and allow for
a possible factor-of 2 uncertainty in the predicted abundance of Li (due
“0 estimated uncertainties in the reaction rates which affect ’Li), then
concordance for 'Li restricts n to the range (1 - 7) x 10 '°., \Note, of
20Urse, that their derived ’Li abundance iz the pre-Pop II abundance,
and may not necessarily reflect the true primordial abundance (e.g., if

a Pop III generation of stars processed significant amounts of
material).

In sum, the concordance of big bang nucleosynthesis predictions
4l1th the derived abundances of D and *He requires n = (4 - 10) x 10 '°%;

moreover, concordance for D, 'He, and "Li further restricts n: n = (4 -
TY x 10 19,

In the past few years the gquality and quantity of “He <c¢bservaticns
nas ilncreased marxedly. In Fig. 1.4 all the *"He abundance determinations
derived from observations of recombination lines in HII regions
(galactic and =extragalactic) are shown as a function of metalicity 2
(more precisely, 2.2 times the mass fraction of !'%0},

Since *He is also synthesized in stars, some of the observed “He is
net primordial. Since 3tars also produce metals, one would expect some
correlation between Y and Z, or at least a trend: lower Y where 2 i3
lower. Such a trend is apparent in Fig. 1.4, From Fig. 1.4 it is also
clear that there is a large primordial component to “He: Y = Q0.22 -
0.26. Is it possible to pin down the value of Yp more precisely?

There are many steps in going from the 1line strengths (what the
observer actually measures), to a mass fraction of “He (e.g.,
corrections for neutral “He, reddening, etec.). In galactic HII regions,
where abundances can be determined for various positions within a given
AII region, variations are seen within a given HII region. Observations

of extragalactic HII regions are actually observations of a
superposition of several HII regions. Although observers have quoted
statistical uncertalinties of AY = + 0.01 (or lower)}, from the scatter in

Fig. 1.4 it is clear that the systematic uncertainties must be larger.
For example, different observers have derived “He abundances of between
0.22 and 0.25 for I Zwi8, an extremely metal-poor dwarf emission 1line
galaxy.

Pernaps the safest way to estimate Y is to concentrate on the “He
determinations for metal-poor objects. From Fig. 1.4 Y = g,23 = 0,25
appears to be consistent with all the data (although Y ag low as 0.22
or high as 0.26 could not be ruled out). Recently kBntn and Sargent!'?®
nave studied 13 metal=-poor (Z < Zg/5) Blue Compact galaxies. From
weighted average for their sample they derive a primordial abundance Y

a
= 0.245 £ 0.003; allowing for a 3¢ variation this suggesats 0.236 < yp 2
0.254.,
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Fig. 1.4 Summary of “He abundance determinations {galactic and

extragalactic) from recombination 1lines in HII regions
vs, mass fraction of heavy (A > 12) elements Z (= 2.2
mass fraction of '*0). Note, observers do not usually
quote errors for individual objects--scatter is probably
indicative of the uncertainties. The triangles and filled
circles represent two data sets of note: circles - 13
very metal poor emission line galaxies (Kunth and
Sargent!®); triangles - 9 metal poor, compact galaxies
(Lequeux etal.'").



for the concordance range deduced from 2, *He, and “Li {n > 4
10 %) and Ti,, 2 10.4 min, the predicted “He abundance is

0.230 N = 2.
W
Yp 2. 0.244 = 3,
0.256 = b,
.Note, that N = 2 ig permitted only if the t-neutrinc is heavy (2 few
MeV) and unstabfe; the present experimental upper limit on its mass 1is
160 MeV.] Thus, since ¥ = 0.23 - 0.2% (0.22 - 0.267) there are values

of n, N, and t,,, for wnich there is agreement between the abundances
predicted by big bang nucleosynthesis and the primordial abundances of
>, *He, *He, and "Li derived from observaticnal data.

To summarize, the only isotcpes which are predicted to be produced
in significant amounts during the epoch of primordial nucleosynthesis
are: I, *He, “He, and ’Li., At present there is concordance between the
predicted primordial abundances of all 4 of these elements and their

dbserved abundances for values of Nv_ Ty /2 and n in the_ following
iatervals: 2 € N ¢ U3 10.4 min < Ty, £ 10.8 min; and 4 x 10 *® < n <7
x 10°'% (or 10 x°107'° if the "Li abundance is not wused). This 1is a

truly remarkable achievement, and strong evidence that the standard
model is valid back as early as 10 ?* sec¢ after 'the bang'.

The standard model will be in serious straights if - the primordial
mass fraction of “He is unambiguously determined to be less than 0.22.
What alternatives exist if Y ¢ 0,227 If a generation of Pop 1III stars
wnich efficiently destroyed "He and 'Li existed, then the lower bound to
n based upon D, ?He, (and 7Li) no longer exists. The only solid lower
oound to n would then be that based upon the amount of luminous matter
in galaxies (i.e., the matter inside the Holmberg radius): n 2 0.3 X
10°'°.  In this case the predicted Y could be as low as 0.15 or 0.16.
Although 3amall amounts of anisotropy increaget!?® the primordial
oroduction of *He, recent work2?° suggests that larger amounts could
decrease the primordial production of “He. Ancther possibility 1is
neutrino degeneracy; a large lepton number (n - p- = 0(ny}) drastically
modifies the predictions of big bang nucleosynthesis.?! Finally, one
might have to discard the standard cosmology altogether.
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Primordial Jucleosynthesis as a Probe

If, based upon its apparent success, we accept the validity of the
atandard model, we can use primordial nuclecsynthesis as a probe of
cosmology and particle physiecs. For example, concordance requires: b x
107%° < n ¢ 7 x 10 '° and N_ ¢ 4. This is the most precise determination

we nave of n and-tmplies that
2.014072(T/2.7K)7 < 2y & 0.024n 2(T/2.7K)° (1.17)

0.014 < g, < 0.14,

ng/s = n/7 = (6 - 10) x 10 '*. (1.18)
i1f, as some dynamical studies suggest, Q > 0.14, then some other
non—-baryonic form of matter must account for the difference between {
and Q.. [For a recent review of the measurements of &, see refs. 22,
23.] “Numerous candidates have Dbeen proposed for the dark matter,
including primordial black naoles, axions, quark nuggecs, photinos,
gravitinos, relativistcic debris, massive neutrinos, sneutrinos,
monopoles, pyrgons, maximons, ate. [A discussion of some of these

candidates is given in refs. 3, 24.]

With regard to the limit on N | Schvartsman?® first emphasized the
dependence of the yield of “He on the expansion rate cf the Universe
during nucleosynthesis, which in turn i3 determined by g,, the effective
number of massless degrees of freedom. As mentioned above the crucial
temperature for “He synthesis is = 1 MeV -- the freeze out temperature
for the n/p ratio. At this epoch the massless degrees of freedonm
include: Y, vv, ef pairs, and any other light particles present, and so

8*=gY+7/8(ge: + Nuva) + L g (Ti/T)“+7/8 I gi(Ti/T)“
Bose Fermi
=5.5 + 1.75N + [ g.(T./T)"*+ 7/8 T g, (T, /TY" . (1.19)
v i i .21 i
Bose Fermi

dere Ti is the temperature of species i, T is the photon temperature,
and the total energy density of relativistic species is: p = Exm2T"*/30.
The limi& N, £ 4 is obtained by assuming that the only species present
are: Y, e*, and N neutrinos species, and follows because fer n 2 U4 x
10°'°, t,,, 2 10.4 min, and N, 2 4, the mass fraction of “He produced is
> 0.25 (which is greater than the observed abundance). More preclisely,
N, < 4 implies

% £ 12.5 (1.20)

or

1.75 2 1.75(N,~3) + I gy(T;/T)* + L g (T{/T)". (1.21)
Bose Fermi
At most 1 additional light (¢ MeV) neutrino species can be tolerated;
many more additional species can be tolerated if their temperatures T,
are < T. [Big bang nucleosynthesis limits on the number of light (< MeV
species have been derived and/or discussed in refs. 26.]
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The number ol neutrino species can alsoc be determined by measuring
tne width of the 2% soson: each neutrino flavor less massive than
J{m,/2) contributes * 190 MeV to the width of <the 2z°. Preliminary
~esults on the width of the 2° imply that N ¢ 0(20)%7, Note that while
2ig Dpang aucleosynthesis and the wWwidth Vof tne 2° both provide
information about the naumber of neutrino flavors, they ‘'measure'
tightly different quantities., 3ig bang nucleosynthesis i3 sensitive to
e naumber of 1ight (< MeV) neutrino species, and all other lignt
grees of freedom, while the width of the 2°© is determined by the
mber c¢f particles less massive than about 50 GeV wnich couple to the

{neutrinos among them). This issue has been recently discussed in
28.
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Given the important role occupied by big bang nuclsosynthesis, it
is clear that continued scrutiny i3 in order. The importance cof new
observational data canncot be overemphasized: extragalactic D abundance
determinations (Is the D abundance universal? What is its value?); more
measurements of the 'He abundance (What is its oprimordial value?);
2ontinued improvement in the accuracy of “He abundances in very metal
zoor HII regions (Recall, the difference between Y = .22 and Y_ = 0.23
is cruciall); and further study of the ’Li abundanfe in very oldPstellar
populations (Kas the primordial abundance of Li already been
measured?), Data from particle physics will prove useful too: a high
preclslon determination of 71,,, (i.e., &t,,, < % 0.05 min) will all ' but
eliminate the uncertainty in the predicted “He primordial abundance; an
accurate measurement of the width of the recently~found Z° vector boson
will determine the total number of neutrino species (less massive than
about 50 GeV) and thereby bound the total number of 1light neutrino
species. All these data will not only make primordial nucleosynthesis a
more stringent test of the standard cosmology, but they will also make
primordial nucleosynthesis a more powerful probe of the early Universe.

'Freeze-out' and the Making of a Relic Species

in Eqns. 1.19, 1.21 I allowed for a species toc have a temperature
whnich is less than the photon temperature. What could lead to this
nappening? As the Universe expanda it cools (T « R '), and a particle
species can only remain {n 'gocod thermal contact' if the reactions which
are lmportant for keeping it in thermal equilibrium are ocecurring
rapidly compared ¢to the rate at which T is decreasing (which is set by
the expansion rate -1/T = R/R = H). Roughly-speaking the criterion is

r > H, (1.22)
“here T = n<ev> 1s the interaction rate per particle, n is the number
density of target particles and <ov> is the thermally-averaged cross
section. When T drops below H, that reaction is said to 'freeze-out' or
‘decouple’. The temperature T (or T,) at which H = T is called the
freeze-out or decoupling temperature., [Note that if T = aT? and the

Universe is radiation-dominated so that H = (2t) ! 1.67 8*‘/2T2/m

pl-
then the number of interactions which ocecur for T < Tf is just: j% rde
f

(;'/H)|T /{n-2) = (n-2) ']. If the species in question is relativistic
£
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{To >> m;) when it decouples, then its phase space
¢istribution {in momentum space) remains thermal (i.e., 3¢se—Einstein or
Fermi~Dirac) with a temperature T, « R '. (It is a simple exercise to
show this.] So long as the photon temperature also decreases as R ', T
= T, as if the species were ctill in good thermal contact.

However, due to the entropy release when various massive species

annihilate (e.g., et pairs when T = 0.1 MeV), the photon temperature
dces not always decrease as R Y. Entropy conservation (S o
EyT?=constant) can, however, be used to calculate its_evolution; if gy

is decreasing, then T will decrease less rapidly than R '. As an exam le
consider neutrino freeze-out. The cross section for processes llke e e
++ vv is: <ov> = O-EGETZ, and the number density of targets n = T%, so
that T ® 0.2 GLT®. Equating this to H it follows that

T

£ (30 mp110;2)1/: (1.23)

"

few MeV,

i.e., neutrinos freeze out before e* annihilations and do not share in
subsequent entropy transfer. For T < few MeV, neutrinos are decoupled
and TV = R !, while the entropy density in et pairs and Ys s « R™2,
Using the fact that before ef annihilation the entropy density of the et
pairs and Ys is: s « (7/8g_+ + g, )T* = 5.5 T* and  that after e
annihilation s « g,T? = 2T§, it foIlows that after the e> annihilations

H

T,/T = [ay/(gy + T/8 gex)J‘/’

= (U4/11)v/ 3, (1.24)

Similarly, the temperature at the time of primordlal
nucleosynthesis T, of a species which decouples at an arbitrary
temperature T, can be calculated:

Ti/T = [(gy+T/8(ggx *+ Nvgv;))/g*dl‘/’
= (10.75/8, )%/ ? (for N_ = 3). (1.25)

Here g4, = g«(T4) 1is the number of species in equilibrium when the
species In question decouples. Species which decouple at & temperature
30 MeV = m /3 < T ¢ few 100 MeV do not share in the entropy release from
u* anninilbtions, and T./T = 0.91; the important factor for limits based
upon primordial nucledsynthesis (T./T)* = 0.69. Species which decouple
at temperatures Td 2 the temperature of the quark/hadron transition =
few 100 MeV, do not share in the entropy transfer when the quark-gluon

plasma [g*=8Y+gGluon + T/8(Bet * gy * Byy * 8yu * Bad * 8ss *..) 2 62]
hadronizes, and Ti/T = 0.56; (TI/T)“ = 0.10.

'Hot' relics— Consider a stable particle species X which decouples

at & temperature T, >> m,. For T < T, the number density of Xs n, just
decreases as R ! as the Unfverse expands. In the absence of entropy

production the entropy density s also decreases as R™?, and hence the
ratio n /s remains constant. At freeze-out
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nx/S = (gxeffC(3)/W2)/(Eﬂzg*d/45)-

0.2788 rp/Bxys (1.26)
where 8xe £ for a boson or 3/4 gy for a fermion, gxy4 = g*(Td), and
5(3) { 20206... . Today s = 7.1 n,, so that the number density and
masg density of Xs, are

nX = (EgXEff/g*d)nY’ (1.27)
By = py/o, = 7.6(m,/100eV) (Byepp/Bagin ~(T/2.7TK)%. (1.28)

Note, that if the entropy per comoving volume S has increased since the
X decouplec¢, e.g., due to entropy production in a phase transition, then
these values are decreased by the same factor that the entropy
increased. As discussed earlier, Qh? must be < 0(1), implying that for a
stable particle species

mx/100 eV ¢ 0.13 E{.d/gxeff; (1-29)

for a neutrino species: Td = few MeV, gay = 10.75, Sxeff = 2 x (3/4), so
that n =/n, = 3/11 and m, must be < 96 eV, Note that for a species which
decoupfes very early (say Eryg = 200), the mass limit (1.7 keV for g .rr

= 1.5) which =« g4, is much less stringent.

Constraint (1.29) obviously does not apply to an unstable particle
with 1 < 10-15 billion yrs. However, any species which decays
radiatively is subject to other very stringent constraints, as the
photons from its decays can have varicus unpleasant astrophysical
consequences, e.g., dissociating D, distorting the microwave background,
'nolluting’ various diffuse photon backgrounds, etc. The
astropnysical/cosmological constraints on the mass/lifetime of an
unstable neutrino species and the photon spectrum of the Unlverse are
shown in Figs. 1.5, 1.6.

*Cold' relics- Consider a stable particle species which is still
coupled to the primordial plasma (Ir > H) when T = m__ As the temperature
falls below m_, its equilibrium abundance is given by

- / / -
n./ny = (Byepp/2)(n/8)1 % (m /Ty Fexpl-m /T), (1.30)
- / -

N/s = 0.17(8yepp/8x) (my/T)? Pexpl-m /T), (1.31)
and in order to maintain an equilibrium abundance Xs must diminish in
number {by annihilations since by assumption the X 1is stable). So 1long
as nn . Dy (ov) > H the equilibrium abundance of Xs is maintained.
When ? nn = H, when ? Tf the Xs 'freeze—out' and their number density
n, decreases only due to the volume increase of the Universe, so that

for T £ Tf
nx/s = (nx/s)le. (1.32)

The equation for freeze-out (rann = H) can be solved approximately,
giving



zvidence for a Baryon Asymmetry

Within the solar system we can be very confident that there are no
concentrations of antimatter (e.g., antiplanets). If there were, solar
“ind particles striking such objects would be the strongesat Y-ray
3ources in the sky. Also, NASA hnas yet to lose a space probe because it
anninilated with antimatter in the solar system.

Cosmic rays more energetic than Q0(0.1 GeV) are generally believed
Lo boe of Mextrasolar" origin, and thereby provide us with samples- of
material from throughout the galaxy {and possibly beyond). The ratio of
antiprotons %o Dprotons in the cosmic rays is about 3 x 19 “, and the
ratic of anti-"He to *He is less than 10 * (ref. 35). Antiprotons are
expected to be produced as cosmic-ray secondaries (e.g. p + p + 3p + p)
at about the 12 * level. At present pboth the spectrum and total flux of
cosmic-ray antiprotons are at variance with the simplest model of their
production as secondaries. A number of alternative scenariocs for their
origin have been proposed including the possibility that the detected ps
are cosmic rays from distant antimatter galaxies. Although the origin of
these 55 remains to be resclved, it is clear that they do¢ not provide
evidence for an appreciable gquantity of antimatter in our galaxy. [For a
recent review of antimatter in the cosmic rays we refer the reader to
ref. 35.]

The existence of both matter and antimatter galaxies in a cluster
of galaxies containing intracluster gas would lead toc a significant
Y-ray flux from decays of =°s produced by nucleon-antinucleon
annihilations. Using the observed Y-ray background flux as a constraint,
Steigman®?® argues that clusters like Virgo, which is at a distance =20
Mpe (= 10%2® cm) and contains several hundred galaxies, must not contain
both matter and antimatter galaxies.

Based upon the above-mentioned arguments, we can say that if there
gxist equal guantities of matter and antimatter in the Universe, then we
can be absolutely certain they are separated on mass scales greater than
E Mg, and reasconably certain they are separated on scales greater than

1=100)

M alax = 10'2-10'*M,. As discussed below, this fact 1is
virtually %mposgible to reconci?e with a symmetric cosmology.

It has often been pointed out that we drive most of our direct
knowledge of the large-scale Universe from photons, and since the photon
i1s a self-conjugate particle we obtain no clue as to whether the source
is made of matter or antimatter. Neutrinos, on the other hand, can in
principle reveal information about the matter—-antimatter composition of
their source. Large neutrino detectors such as DUMAND may someday
provide direct information about the matter-antimatter composition of
the Universe on the largest scales.

Baryons account for only a tiny fraction of the particles in the
Universe, the 3K-microwave photons being the most abundant species (yet
detected). The number density of 3K photons is n, = 399(T/2.7K)* cm .
The baryon density 1is not nearly as well determined. Luminous matter
{baryons in stars) contribute at least 0.0l of closure density (nlu >

0.01), and as discussed in Lecture 1 the age of the Universe requires
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that 9 (and 2,) must be < 0(2). These direct determinations place the

haryon- %o photon ratio n = n,./n in the range 3 x 10 ' vro 6 x 10 %, is
z also discussed in Lecture 1 the yields of big-bang nucleosynthesis
depend directly on n, and the production of amounts of D, *He, “He, and

‘Li that are consistent with their present measured abundances restricts
n to the narrow range (4-7) x 10 '°,

Since today it appears that n, >> ng, n is also the ratio c¢f net
barycn number to photons., The numBer of photons in the Universe has not
remained constant, but has increased at various epochs when particle
species have annihilated (e.g. et pairs at T = 0.5 MeV). Assuming the
expansion has been isentropic (i.e. no significant entropy production),
the entropy per comeocving volume (= sR?) has remained ccnstant. The
"known entropy" is gpresently about equally divided between the 3K
photcons and the three cosmic neutrinoc backgrounds (e, uw, 7). Taking this
to be the present entropy, the ratio of baryon number to entropy 1s

Ng/s = (1/7)n = (6-10) x 16 '', (2.1)

where Mg = ny - ng and n 1s taken to be in the range (4-7)y x 10 '°. So
long as the expansion is isentropic and baryon number 1s at least
effectively conserved this ratio remains c¢onstant and {3 what I will
refer to as the baryon number of the Universe.

Although the matter-antimatter asymmetry appears to be '"large"
today (in the sense that ng = ny >> ng), the fact that ng/s = 10 *°
impiies that at very early times the asymmetry was "tiny" (nB << ny). To
see this, let us assume for simplicity that nucleons are the fundamental
baryons. Earlier than 10 ® s after the bang the temperature was greater
than the mass of a nucleon. Thus nucleons and antinucleons should have
been about as abundant as photons, Ny = ng = ny. The entropy density s
1s  =gy4ny = ggnhy = 0(102)ny. The constancy of ng/s = 0(1C 1) requires
that for t < 10 ®'s, (n - ng)/ng(=10%2ng/s) = 0(10 ®}. During its
earliest epoch, the nlverse was nearly (but not quite) baryon
symmetric.

The Tragedy of a Symmetric Cosmology

Suppose that the Universe were initially locally baryon symmetric.
Earlier than 10 ® s after the bang nucleons and antinucleons were about
as abundant as photons, For T < 1 GeV the equilibrium abundance of
nucleons and antinucleons is {(n,/n Ypg = (my/T}? * exp(-m,/T), and as
the Universe cooled the number of nu leons and antinucleons would
decrease tracking the equilibrium abundance as long as the annihilation
rate Fann = nN(gv)ann = ”Nm;z was greater than the expansion rate H. At
a temperature T annihilations freeze out = H), nucleons and
antinucleons being so rare they can no longer ggnd each other to
annihilate. Using Egn. 1.33 we can compute T_.: T. = 0(20 MeV). Because
of the 1incompleteness of the annihilations, residual nucleon and
antinucleon to photon ratios {(given by Eqn. 1.34) ns/n. = ny/n. = 10 '°
are "frozen in." Even if the matter and antimatter could subsequently be
separated, N,/n is a faetor of 10® too small. To avoid 'the
annihilation catastrophe', matter and antimatter must be separated on
large scales before t = 3 x 10 * s(T = 20 MeV).



Statistical fluctuations: One possible mechanism for doing this s

statiscicel {Poissocn) fluctuatiocns. The co-moviﬂg volume <that
ancompasses our galaxy today contains =10!?2 Mn = 10°% saryons and =1Q7°
pnotcns. EZarlier than 10 ¢ s after the bang this same comoving volume
sontained *107% pnotons and =107?% paryons and antibaryons. In order to
avold the annihilation catastrophe, %this volume would need an excess of
baryons over antibaryons of ® 10%%, but from statistical fluctuations
one would expect N_ - Np = O(NB’Z) = 3 x 10%° - a mere 29 1/2 orders of

magnitude too small?

Tausality constraints: Clearly, statistical fluctuations are of no
help, 50 consider a nypothetical interaction that separates matter and
antimatter. In the standard cecsmology the distance over which light
signals (and hence causal effects) could have propagated since the bang
(the horizon distance) is finite and * 2t. When T = 20 MeV (t = 3 x
10 ? s) causally coherent regions contained only about 103 M@, Thus, in
the standard cosmology causal processes could have only separated matter
and antimatter into lumps of mass < 10 ° Mg << M 1012 Mg, [In
Lecture 4 I will discuss inflationary scenarlos, g%%esg scenarios it
i3 possible that tne Universe is globally symmetrlc, while asymmetric
lecally (within our observable region of the Universe). This is possible
because inflation removes the causality constraint.]

It should be clear that the two observations, nao, >> ns on sScalas at
least a3 large a3 10%2 Mg and n /ny = (4-7) x 10 '°, effectively render
all baryon-symmetric cosmclcogies unZenable. A viable pre—-GUT cosmology
needed to have as an initial condition a tiny baryon number, Np/s =
(6-10) x 10 '!'--a very curious initial condition at that!

The Ingredients Necessary for Baryogenesis

More than a decade ago Sakharov®® suggested "that an initially
baryon-symmetric Universe might dynamically evolve a baryon excess of
2(10°'°),  which after baryon—antibaryon annihilations destroyed
essentially all of the antibaryons, would leave the one baryon per 10!°
photons that we observe today. 1n his 1967 paper Sakharov outlined the
three ingredients necessary for baryogenesis: {a) B-nonconserving
interactions; {(t) a violation of both C and CP; {e¢) a departure from
thermal equilibrium.

It is clear that B{baryon number) must be violated if the Universe
begins baryon symmetric and then evolves a net B. In 1967 there was no
motivation for B nonccnservation. After all, the proton lifetime is more
than 35 orders of magnitude longer than that of any unstable elementary
particle--pretty good evidence for B conservation. Cf course, grand
unification provides just such motivation, and proton decay experiments
are likely to detect B nonconservation in the next decade if the proton
lifetime is < 107%? years.

Under C (charge conjugation) and CP (charge conjugaticn <combined
with parity), the B of a state changes sign, Thus a state that is either
C or CP invariant must nave B = 0. If the Universe begins with eqgual
amounts of matter and antimatter, and without a preferred direction (as
in the standard cosmology), then its initial state 1is both C and CP
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invariant. Unless both C and CP are violated, the Universe will remain C
and C°?P invariant as it evolves, and thus cannot cevelcp a net baryon
number even If B {s not conserved. Both C and CP viclaticons are needed
o provide an arrow to specify that an excess of matter be produced. C
is maximally violated in the weak interactions, and both C and CP are
violated in the K%-K° system. Although a fundamental understanding of CP
vicolation 18 still lacking at present, GUTs can accommodate CcP
violaticn, It would be very surprising if CP violation only occurred in
the K°-K° system and not elsewhere in the theory also (including the
3~-nonconserving sector). In fact, without miraculous cancellations the
CP violation in the neutral kaon system will give rise to CP violation
in the B-nonconserving sector at some level.

The necessity of a departure from thermal equilibrium is a bit more
subtle, It has been shown that CPT and unitary alone are sufficient to
guarantee that equilibrium particle phase space distributions are given
by: f(p) = [exp(u/T+E/T)+1] '. In equilibrium, processes like Y + Y +«+ p
- 0o imply that u_ . ~ug, Wwhile processes like (but not literally) Y + Y
~* b * b require that u = 0. Since E* = p? + m® and my = mg by CPT, it
Tollows that in thermal equilibrium, mty = ng. [(Note, n =
Jaipfip)/(am)®,

Because the temperature o¢f the Universe 1is changing on a
characteristic timescale H™ !, thermal equilibrium can ¢nly be maintained
if the rates for reactions that drive the Universe to equilibrium are
much greater than H. Departures from equilibrium have occurred cften
during the history of the Universe. For example, because the rate for Y
+ matter -+ Y' + matter' is << H today, matter and radiation are not in
equilibrium, and nucleons do not all reside in ®*°Fe nuclei (thank God!).

The Standard Scenario: Cut—of-Equilibrium Decay

The basice idea of bparyogenesis has been discussed by many
zuthors.?7 "2 The model that incorporates the three ingredients
2iscussed above and that has become the "standard scenario" is the

so~called out-¢f-equilibrium decay scenaric. I now describe the scenario
in some detail.

Denote by "X" a superheavy (2 10!“ GeV) boscn whose interactions
violate B conservation. X might be a gauge or a Higgs boson (e.g., the
LY gauge bosons in SU(5), or the <color <triplet component of the 5
dimensional Higgs). [(Scenarios in wnich the X particle is a superheavy
permlo? have also been suggested.] Let its coupling strength to fermions

2 and 1ts mass be M., From dimensional ccnsiderations its decay

rate Ty r ' should te

rD = aM,. (2.2)

At the Planck time (= 10 *® s8) assume that the Universe is baryon

symmetric (nB/s = 0), with all fundamental particle species (fermions,
gauge and ngg; bosons) present with equilibrium distributions, At this
epoch T = g, m., =3 x 10'® GeV >> M, (Here I have_taken gx = 0(100);

in minimal SU(5) E = 160.) So at the Planck time X, X bosons are very
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Fig. 2.1 The abundance of X bosons relative to photons. The
broken curve shows the actual abundance, while the solid
curve shows the equilibrium abundance,
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Fig., 2.2 Important rates as a function of z = M/T. H 1is the
expansion rate, T. the decay rate, T the inverse decay
rate, and T_ the 2 ++ 2 B scattering™ rate. Upper llne
marked H cofresponds to case where K << 1; lower line the
case where K > 1. For K << 1, Xs decay when z = Zqi for K

> 1, freeze out of IDs and S occur at z = Z;p and Zg.
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retativistic and up to statistical factcors as abundant zs photons: nx =
ny = ny. Nothing of importance cccurs until T = M,

For T < M the equilibrium abundance of X, X bosons relative to
photons 1is

Xeg = (M/T)S/* exp(—M/T),
where X = pn_/ny is just the number of X, X bosons per comoving volume.
In order for f % bosons to maintain an equilibrium abundance as T falls
below M, they must be able to diminish in number rapidly compared to H =
'T/T|. The mest important process iIn this regarc¢ is decay; other
processes (e.g. annihilation) are higher order in a. If T_ >> H for T =
M, then ¥, X bocsons can adjust their abundance (by decay) Fapidly enough
so that X "tracks" the equilibrium value. 1In this case thermal
equilibrium is maintained and no asymmetry i{s expected tc evolve.

More interesting is the case where Iy < H = 1.66 g*'/zTZ/mpl when T

= M, or equivalently M > Ey' 1/2410%% GeV. In this case,

X, X bosons are not decaying on the expansion timescale (1 > t) and so
remain as abundant as photons (X = 1)} for T < M; hence they are
overabundant relative to their equilibrium number. This overabundance
{indicated with an arrow in Fig. 2.1) is the departure from thermal
equilibrium. Much later, when T << M, FD = H (i,e. t = 1), and X, X
bosons begin to decrease in number as a result of decays. To a good
approximation they decay freely since the fraction of fermion pairs with

sufficient center-of-mass energy to produce an X or ? is = exp(—-M/T) <K
1, which greatly suppresses inverse decay processes exp{-M/T)T
<< HY}). Fig. 2.1 summarizes the time evolution of x. E?g. 2.2 shows the
relationﬁhlp of the various rates (T » I'tp» and H) as a function of
M/T(e t!

Now consider the decay of X and ¥ Dbosons: suppose X decays to
channels 1 and 2 with baryon numbers B, and B,, and branching ratios r
and (1-r). Denote the corresponding quantities for ¥ by -B,, -B,, r, and

(1-r) [e.g. 1 = (gqg), 2 = (qt), B, = =-2/3, and B, = 1/3]. The mean net
baryon number of the decay pgoducts_of the X and X are, respectively, Bx
= rB, + (1-r)B, and B; = -pB,-(1-r)B,. Hence the decay of an X, X pair
on average produces a baryon number e,

€ = B, + By = (r-r)(B,~B,). (2.3)
If By, = B,, &€ = 0, In this case X could have_ been assigned a baryon
number B,, and B would not be violated by X, X boscns.

It is simple to show that r = r unless both C and CP are violated.
Let X = the charge conjugate of X, and r ., r_, r,, r, dencte the
respective branching ratios in the upward and downward directions. [For
simplicity, I have reduced the angular degree of freedom to up and

down.] The quantltles r and r are branchlng ratios averaged over angle:
ro= (r+r,)/2, r = (r +r )/2 and € = (r,=pr,+r - r )/2. 1If C is conserved,
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Py = ;* and r, = F&, and ¢ = 0, If CP is conserved r, = r_ and r, = F+,
and once again ¢ = 0.

When the X, X bosons decay (T << M, t = 1) n, = ny = ny. Therefore,
the net baryon number density produced is Np = eny. The entropy density
8 = Beny, and so the baryon asymmetry produced is ng/s = €/g% = 10 * e,

Recall that the condition for a departure from equilibrium to occur
1s K = (Irp/H) 7.y <1 or MO gx''* am_,. If X is a gauge boson then o =
1/45, and so M must be > 10'® GeV. If E is a Higgs Dboson, then a 1is
essentially arbitrary, although a = (m /M = 10 * - 10 & if tne

X is in the same representation as the light ﬁ?gﬁs bosons responsible
for giving mass to the fermions (here m, = fermion mass, M, = mass of
the W boson = 83 GeV). It is apparently easier for Higgs bosons_ }0
satisfy this mass e¢ondition than it is for gauge bosons. If M > g

then only a modest C, CP-viglation (g = 0 *) is necessary to
exgial « (6=-10) x 10 ''. As I will dlSCUSS below ¢ i3 expected to
be larger ?or a Higgs boson than for a gauge Dboson. For both these
reasons a Higgs boson 1is the more likely candidate for producling the
baryon asymmetry.

Numerical Results

Boltzmann equations for the evolution of n./s have been derived and
solved numerically in refs. 43, 44, They basically confirm the
correctness of the qualitative picture discussed above, albeit, with

some important differences. The results can best be discussed in terms
of ‘ ‘

-~
in

TD/EH(M) = ampl/3g*1/2M- (2.4%)

3 x 107 o GeV/M.

K measures the effectiveness of decays, i.e., rate relative to the
expansion rate, X measures the effectiveness of B-nonconserving
processes 1in general because the decay rate characterizes the rates in
general for B nonconserving processes, for T < M (when all the action
happens}:

- /
Tip = (M/T)?*"* exp(=M/T) rp, (2.5)
-3 5
where T is the rate for inverse decays {(ID), and I, is the rate for 2

“+ 2 % nonconserving scatterings (S) mediated by R. [A is a numerical
factor which depends upon the number of scattering channels, etc, and is
typically 0(100-1000).]

{It is simple to see why ' « a(T/M)5rD x g?T35/M*, T. =2 n(gv); n =
T and for T < M, (ov) « a2T?/M*, Note, in some supersSymmetric GUTs,
there exist fermionic partners of superheavy Higgs which mediate B (and
also lead to dim-5 B operators). In this case (ov) = a®*/M? and ry =
Aa(T/M)’PD, and 2 «+ 2 B scatterings are much more important.]
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The time evoluticon of the baryon asymmetry (nB/s VS z = M/T « tl/z)
and the final value of the asymmetry which evolves are shown in Figs.
2.3 and 2.4 respectively. For K < 1 all B nonconserving processes are
ineffective (rate < H) and the asymmetry which evolves is just e/g, (as

predicted in the qualitative picture). For Kc > K > 1, where Kc is
determined by

K, (&n KC)_Z'“ = 300/Aa, (2.7)
s 'freeze out' before IDs and can be ignored. Equilibrium is maintained

to some degree (by Ds and IDs), however a sizeable asymmetry still
evolves

Nng/s = (e/gs) 0.3 K '(&nK) °* %, (2.8)

This is the surprising result: for Kc > K >> 1, equilibrium s not well
maintained and a2 significant n,/s evolves, whereas the qualitati